Introduction
The aniline (styryl) dyes 4-dicyanovinyl-N,N-diethylaniline (DCVA, 4-diethylamino-P,p-dicyanostyrene [ 1 ] , p-(N,N-diethy lamino) benzy lidene malonitrile [2, 3] , p-diethylaminobenzalmalonitrile [4] ) and 4-tricyanovinyl-N,N-diethylaniline (TCVA, 4-diethylamino-a,p,P-tricyanostyrene [ 1 ] ) are used for coloring synthetic polymer fibers [ 1 ] . They are applied as sublimable dyes in heat-transfer recording materials [5, 6] and in photoconductive recording materials [ 7 ] . They have received some interest as cytotoxic agents against tumors, as X-ray protective agents, and as stabilizers in plastics against ultraviolet radiation [4] .
The structural formulae of DCVA and TCVA are shown below in scheme 1. The dyes belong to a class of organic compounds known as molecular rotors [8] [9] [10] [11] which have great importance as fluorescence probes of the flexibility of surrounding media [2, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Some dicyanovinyl-alkylaniline dyes were ap- plied to determine static and dynamic changes of free volumes and torsional rigidities of polymers [9] [10] [11] [12] [13] [14] [15] [16] . The fluorescence behaviour of DCVA was used to study the microviscosity in micellar emulsions [2] .
DCVA and TCVA are disubstituted benzenes of the type D-Ph-A with an electron donor D (diethylamino group) and an electron acceptor A (dicyanovinyl or tricyanovinyl group) [8, 17] . The electronic excitation of these dyes is accompanied by a large increase in the polarity due to changes in the charge distribution (internal charge transfer) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The ground-state and excited-state dipole moments, // g and H e , of some dicyanovinyl-alkylaniline dyes were determined in refs. [8, 12, 19, 20] by measurement of spectral absorption and emission shifts in various solvents. For the dye /^(N,N-dimethylamino)-benzylidene malonitrile which is very similar to DCVA values of /* g =8.7 D and /* c =24 D were measured [ 8 ] . The spectral absorption and emission shifts with solvent polarity were utilized to monitor the dye location in polymers when they were used as microviscosity probes [ 9, 10 ] .
In a previous paper we determined thermodynamic and spectral properties of DCVA and TCVA in the vapor phase [21] . Very low fluorescence quantum yields were found (of the order of 10~4, see table 1). Here the absorption and emission spectra of DCVA and TCVA solutions are investigated. Fluorescence quantum yields of the order of 10" 3 are found at room temperature. An increase of the fluorescence quantum yield with decreasing temperature is observed. The results indicate a barrierless S r state deactivation. The spectral shifts of the S 0 -S, absorption and emission bands in the vapor phase and in several solvents are analysed, and values of the permanent dipole moments of the dyes in the S 0 ground state and the Sj excited state are estimated.
Experimental
The dyes DCVA and TCVA were synthesized by BASF. A synthesis procedure is described in ref. [ 1 ] . The dyes were purified by recrystallization in methanol. Analytic grade solvents from Merck were used without further purification.
The absorption spectra of the dye solutions are measured at room temperature with a conventional spectrophotometer (Beckman ACTA M IV). The fluorescence studies are performed with a self-assembled spectrofluorimeter depicted in fig. 1 [22] . The fluorescence emission in backward direction is collected and resolved spectrally with a grating spectrometer. A mercury lamp LSI (Osram type HBO 200 W/4) together with an interference filter IF form the excitation source. For fluorescence depolarization studies the dichroitic polarizers POL 1 and POL2 are inserted. When the transmission directions of the polarizers are aligned to the magic angle 0 M = 54.7 c the fluorescence signal is independent of the orientation of the absorption and emission dipoles and of the temporal reorientation [22] [23] [24] [25] . For low-temperature studies the sample cell is placed into a cryostat. The temperature regulation between 20 C C and -140 C C (lowest applied temperature) is achieved by dosing the supply of liquid nitrogen. The detectors PD1 and PD2 measure the absorption of the excitation light in the sample. By adding a light source LS2 (tungsten lamp) and a collimating lens L5 the spectrofluorimeter may be extended to a spectrophotometer for absorption spectra measurements.
Results
The dyes DCVA and TCVA are studied in some solvents. Detailed data are collected for the solvents methanol, cyclohexane and benzene.
Solubility
The solubility C sal of the polar dyes DCVA and TCVA in methanol, cyclohexane and benzene at room temperature is listed in table 1. The solubility is low in the apolar solvent cyclohexane (« 10~4 mol/dm 3 ) and reasonably high in the protic solvent methanol ( % 10~2 mol/dm 3 ) and in the apolar but highly polarizable aromatic solvent benzene ( » 5x 10" 2 mol/ dm 3 ). The solubility is high if the intermolecular attraction forces of two solvent molecules and two solute molecules are less than the intermolecular attraction force between a solvent and solute molecule. The solubility is characterized by the solubility parameter 6 of Hildebrand [26] [27] [28] which is the square root of the cohesive pressure. For organic solutes a good solubility is found if the solubility parameter <5 is similar for the solvent and the solute [26-2.8] . The high solubility in benzene may be due additional to steric fitting and to the high polarizability of benzene (high refractive index). The dyes are practically indissoluble in water (strongly different solubility parameter of<J=47.9MPa ,/2
[27]).
Absorption spectra
The absorption cross-section spectra of DCVA and TCVA in cyclohexane, methanol, and benzene are presented in fig. 2 and fig. 3 ; respectively. The vapor absorption spectra [21] are included for comparison. In the apolar solvent cyclohexane the S 0 -S, absorption band displays a vibronic structure. In the polar hydrogen bonding solvent methanol the spectra are broadened and no vibronic structure is resolved. Benzene behaves similar to methanol, the spectra are broadened and the vibronic structure of the S 0 -S, absorption band shows up only in a shoulder. The spectral broadening gives some indication of different conformations of the molecules due to solute-solvent interaction [28] . The S 0 -S, absorption cross-section integrals, j ab$ <7(i')di>, of the dye solutions extending over the S 0 -S, absorption bands are listed in table I. The shortwavelength integration limits are set to the first absorption minima above the S 0 -S, absorption peak.
Fluorescence studies
The fluorescence quantum distributions (quantum spectra of fluorescence) E(k) [ 22, 29 ] (normalized fluorescence spectra according to )<Us q) of DCVA and TCVA solutions at room temperature arc displayed in fig. 4a and fig. 4b , respectively. They arc determined by calibrating the spectral fluo- smaller than the absorption cross-section integrals. It should be noted that the calculated stimulated emission cross-section spectra are only relevant if the emission occurs from the vibrationally or locally relaxed S, state of the same chromophoric system as the absorption spectrum (see fig. 7 below). The absolute valines of the stimulated emission cross-section spectra were wrong, if the fluorescence quantum distributions would originate from a modified chromophoric system in the excited state like a twisted internal charge transfer (TICT) state (donor and acceptor group planar in the ground stale and perpendicular in excited state) [33] [34] [35] [36] [37] [38] [39] [40] .
The vibrationally or locally relaxed Si-state lifetimes TRAD are calculated by application of the Strickler-Bergformula [41, 42] The temperature dependence of the fluorescence quantum efficiency of DCVA in methanol is displayed in fig. 6a . In the liquid state, i.e. for temperatures d>d m =-97.7 °C, the fluorescence quantum efficiency rises exponentially with the inverse temperature. A similar temperature dependence was observed for TCVA in methanol.
The normalized nonradiative decay rate, k nr /k n<i , of DCVA in methanol is depicted in fig. 6b . rhenius type behaviour) according to [44, 45 ] ~ ^rad = (?
where ICQ is a pre-exponential factor, E A is the intrinsic barrier height of the dye molecules which has to be overcome for deactivation, and is the barrier height caused by the molecular solute-solvent friction <! ? [45 ] . In the case of methanol the molecule solute-solvent friction (microviscosity) £ is approximately equal to the solvent viscosity if and E{ becomes equal to E n [ 46 ] . The temperature dependence of the fluidity (inverse viscosity) q~1 follows [45] q~l = no l exp| (2) and is included in fig. 6b [47] . A comparison of the slopes of In(/c nr //c rad ) (proportional to £ A +£") and ln(fp 1 ) (proportional to E n ) indicates that £ A is approximately zero. This means that the dye molecules relax from the excited S,-state by an intrinsic barrierless transition. Only the solute-solvent friction slows down the torsional deactivation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
In the vapor phase the fluorescence quantum efficiencies of DCVA and TCVA are smallest (q of the order of 10~4, see table 1) because there is no viscous drag of any solvent (£^=0) and an intrinsic barrier height is absent (£ A = 0).
In the frozen state, i.e. for #<# m = -97.7 C C, the fluorescence quantum efficiency of DCVA in methanol rises to #=0.25 ±0.07. A similar rise is observed for TCVA in methanol. The solid methanol solutions form strongly scattering microcrystallites. The rotational deactivation is partially hindered.
It should be noted that for DCVA and TCVA in high viscous solutions of glycerol and paraffinic oil at room temperature we measured very low fluorescence quantum yields of q< 10~3. The results indicate a small microviscosity (large free volume at location of dye molecules) despite the high macroscopic viscosity [45 j. Small fluorescence quantum yields of similar cyanovinyl-alkylaniline dyes were reported in polymers, and the quantum efficiency measurements were applied to determine the free volume in polymers [8] [9] [10] [11] [12] [13] [14] [15] [16] . In DCVA and TCVA films we measured very low fluorescence quantum yields of q < 10 3 . In this case energy transfer between nearby molecules may quench the fluorescence signal [48] [49] [50] .
The fast non-radiative Sj-state relaxation is thought to be due to rotational motions of the diethylamino group (rotation a in scheme 1) and of the cyanovinyl group (rotations b and c in scheme 1). In ref. [ 11 ] strong evidence is given that the rotations b and c of scheme 1 are the dominant decay channels.
The concentration dependence of the fluorescence quantum efficiency was investigated for DCVA in methanol. The concentration was varied between 5xl0~5 mol/dm 3 and the solubility limit (%0.02 mol/dm 3 at room temperature), q was found to be independent of concentration in the investigated temperature region between 22 and -140°C.
The degree of 'fluorescence polarisation, P= 
Discussion of absorption and emission spectra
The absorption cross-section spectra (figs. 2 and 3) and the stimulated emission cross-section spectra ( fig. 5 ) of the dyes are influenced by the applied solvents. Spectral shifts and spectral broadenings are observed. The spectral broadening indicates the presence of different local dye-solvent conformations with different interaction energies. The spectral shifts of the absorption spectra of the dye solutions compared to the absorption spectra of the dye vapors indicate different solute-solvent interactions in the ground state and the excited state due to molecular dipole and polarizability changes. The difference in the Stokes shift between the absorption and the emission spectra of the solutions and the vapors is due to solvent reorganization after excitation.
In order to understand the observed spectra and to deduce the S 0 ground-state and Si excited-state permanent dipole moments of DCVA and TCVA from the spectral absorption and emission shifts we review briefly the configurational dynamics of the S 0 and Sj state [28, [52] [53] [54] [55] in fig. 7 . No intramolecular conformational changes like photoisomerization or TICTstate formation are included in fig. 7 . Fig. 7a describes the situation of dye vapors. The pure electronic frequency difference between the S, and S 0 state is ^oi • The So-S,/absorption peak is at the frequency position p v iP . The conformational equilibrium position of the Si state is shifted by the Franck-Gondon parameter S y from the ground-state equilibrium position [56] . The excited molecules in the Sj state relax to the S,-state equilibrium position within the vibrational relaxation time T v which is < 1 ps [57] . For times t> r v the fluorescence is emitted from the relaxed S, state and the S,-S 0 emission peak is at J>e, p -This condition is fulfilled in our case since the fluorescence lifetime tp is of the order of 1 ps (see table I ). The frequency difference between the absorption maximum and the emission maximum fig.  10 below) . Differences in the shapes of the potential energy curves of the vapors and the solutions would contribute to the difference between Ai> ae and Ai>£. If the excited-state dipole moment of dye molecules is different from the ground-state dipole moment, the surrounding solvent molecules rearrange within the solvent rotation time T r [28, 53, 55] . This solvent reorganization lowers the S,-state frequency v 0l to the relaxed value v T 0{ and changes the Franck-Condon parameter to S r (see fig. 7 ).
At room temperature the solvent rotation times are of the order of a few picoseconds (see table 2 ). If the fluorescence lifetime T f is longer than the solvent rotation time T R , then the fluorescence is emitted from the locally relaxed S r state position and the emission peak lies at v T tp giving an absorption-emission spectral shift of A^, c = y a . p -p r ep . For DCVA and TCVA in methanol and for DCVA in benzene and toluene it is t R > ip (see data in tables 1 -3). In this case the fluorescence spectrum corresponds to a non-relaxed en- vironment of the excited molecules (emission from vibrationally relaxed but locally non-relaxed S,-state). The excited dye molecules themselves reorient with the time constant t or of the order of 100 ps [45, 59) . This molecular reorientation does not influence the spectral shapes of the absorption and emission spectra.
The solute-solvent interaction of DCVA and TCVA in different solvents may be correlated to the behaviour of standard dyes [28] by comparing the electronic S 0 -S, transition frequencies. In fig. 8a the experimental pure electronic S 0 -S, transition frequencies v TCVA (dots) are displayed versus the normalized solvent polarity parameter £? [28, 61 ] . The £? parameter is define by £¥ = [£7(30)-30.7 kcal mol~'J/32.4 kcal mol" 1 where £ T (30) is the electronic S 0 -S, transition energy of pyridinium-Nphenoxide betaine [28, 62, 63] . Again a reasonable correlation of P T 0l with £? is obtained/The solvent methanol is excluded because the fluorescence emission in this solvent does not occur from the locally relaxed Si state. It would strongly deviate from the straight time (£?=0.762, ? O t=21 820 cm" 1 for DCVA, and P 0i = 17870 cm -1 for TCVA). In figs. 8a and 8b the data points of toluene (4) and benzene (5) are included, but they also do not belong to locally relaxed emission from the Si state.
Determination of ground state and excited state dipole moments
In the following the spectral shifts of the absorption and emission spectra are analysed to determine the permanent dipole moments in the So ground state and Si excited state. The solvents methanol, benzene, and toluene are excluded from the analysis because the fluorescence spectra from the locally relaxed St states are unknown. Complete data for DCVA and fragmentary data for TCVA are presented.
/. Determination offi e -n g by fluorescence Stokes shift analysis
property indicator / R which is defined as the S 0~S | transition energy of merocyanine VII in kcal/mol [60] . The^R parameters of the applied solvents are taken from ref. [ 60 ] and collected in table 2. The S 0 -Si transition frequencies of DCVA and TCVA are calculated by P 
where e 0 is the permittivity of vacuum, h is the Planck constant, a is the dye cavity radius, e r is the dielectric constant, and n the refractive index {n=n(v r Q{ )). Spectral shifts due to changes of the Franck-Condon parameter are taken into account by the term A£ae(<?v, S r ) (* Av nc {d\ y 5)). Similar formulae are given in refs. [28, 33, 34, 52, 65, 66] . The spectral absorption-emission difference depends strongly on the dye cavity radius a. This parameter is determined from the molecular structures of DCVA and TCVA which are displayed in fig. 9 . The atomic distances are taken from refs. [67, 68 ] . A value of a=0.6 nm is estimated for both molecules (see also ref. [8]) .
In fig. 10 the A*/ ae data of DCVA are plotted versus the dielectric function /(€ R ,A7) = (€ r -l)(6 r +2)-1 -(/7 2 -l)(/7 2 + 2)-1 .
The AP v e value is included, n is approximated by ttg> = /i(;i= 589.3 nm, d=20 c C). The e T and rig values are listed in table 2- [28] . The deviation between Ai> ae of the apolar solvents (/(e r , n)*0) and AP 
Determination ofn g from spectral shifts of absorption spectra
The solvent induced spectral shift, A*> 0 , =£01-P01 > of the pure electronic S 0 -Si transition frequency is theoretically given by € r (/* 2 + 2)
(4)
The first term is due to dispersion force interaction (London forces) and is present in all solutions. J is a dye molecule dependent constant. The second term describes the interaction of the solute dipole with the induced dipole moment of the solvent (solute Stark effect, depends on solvent polarizability). This term is most important for polar molecules in apolar solvents. The third term describes the solute-dipole-sol- Theoretical values of the permanent ground-state dipole moments // g may be obtained by vector addition of the dipole moments of the polar groups of the dye molecules [69] . This vector addition is performed in fig. 9 . The resulting values are /ig(DCVA)» 5.6D and ^(TCVA)* 6.4 D. The vector addition value of DCVA is approximately 75% of the average value obtained from the spectroscopic analysis. One reason of the deviation may be the unaccurately known value of the dye cage radius a. In the calculations a was set equal to half the outmost diameter d^ of the molecule. A value of a=0A6d rMX gives an agreement between the spectroscopic and the vector addition results.
Discussion of results of dipole moment measurements
The increased excited-state dipole moments are
INSSC-c=c--<y 'V-ff
! thought to be due to some charge transfer in the excited state [11, 17, 18, 28] according to scheme 1, where R=H for DCVA and R = CN for TCVA. A complete electron transfer -as indicated by the formula at the right-hand side of scheme 1 -would result in a change of the dipole moments of /* c -//g« 1.1 X 10~2 8 C m = 34 D by excitation (charge separation %0.7 nm). The experimental increase is approximately a factor of five smaller, i.e. only a partial internal charge transfer occurs.
The observed spectral shifts at room temperature are well interpreted by fluorescence emission from a locally relaxed Si state with a partial internal charge transfer (for DCVA and TCVA in methanol and for DCVA in benzene and toluene emission occurs from vibrationally relaxed but environmently non-relaxed S, state because of slow environment rearrangement an fast nonradiative relaxation). There are no indications of the formation of a TICT state like the occurrence of a far-red shifted second fluorescence maximum in polar solvents due to a complete charge transfer in the excited-state and the elevation of the TICT ground state by its diradical nature [33] [34] [35] [36] [37] [38] [39] [40] 55, 70, 71] .
It should be emphasized that the described procedure of determining the permanent ground-state and excited-state dipole moments would not be applicable if TICT states were formed because then the chromophoric system would be modified (twisted configuration corresponds to zwitterionic excited state and to energetically elevated biradical ground state) [35] [36] [37] [38] 71] .
Conclusions
A linear absorption and emission spectroscopic analysis of the dyes DCVA and TCVA was carried out. The small fluorescence quantum efficiency of the dyes hinders their application in dye lasers, but the g Scheme 1.
dyes should be applicable as gain media in dye laser generators (amplified spontaneous emission) pumped by intense picosecond [ 72-74} or femtosecond [75] laser pulses. The fast nonradiative 8|-S 0 relaxation makes the dyes good candidates for fast saturable absorbers [ 76 ] . If the excited-state absorption of the dye solutions is small they may be applied as fast saturable absorbers in the spectral region between 380 nm and 580 nm (DCVA in cyclohexane: 380 nm to 430 nm; DCVA in methanol: 400 nm to 470 nm; TCVA in cyclohexane: 450 nm to 510 nm; TCVA in methanol: 460 nm to 580 nm).
The analysis of the spectral absorption-emission differences A£J C and of the zero-vibration S 0 -St transition frequency shifts AP T 01 seems to give reasonable data of the molecular ground-state and excited-state dipole moments /* g and // e .
